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Abstract
Ameasurement of the ﬁducial cross section for the electroweak production of two jets in association with a Z-boson,
which includes the vector boson fusion process, is presented. The measurement is performed using 20.3 fb−1 of proton-
proton collision data collected at a centre-of-mass energy of
√
s = 8 TeV by the ATLAS experiment at the Large
Hadron Collider. The electroweak component is extracted by a ﬁt to the dijet invariant mass distribution in a ﬁducial
region chosen to enhance the electroweak contribution over the dominant background in which the jets are produced
via the strong interaction. The electroweak cross section is in good agreement with the Standard Model expectations
and the background-only hypothesis is rejected with signiﬁcance above the 5σ level. In addition, measurements of
cross sections and diﬀerential distributions for inclusive Z-boson-plus-dijet production are performed in ﬁve ﬁducial
regions, each with diﬀerent sensitivity to the electroweak contribution. The results are corrected for detector eﬀects
and compared to predictions from the Sherpa and Powheg event generators.
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1. Introduction
The dominant production of a Z boson in association
with two jets (Z j j) at the Large Hadron Collider (LHC)
occurs where the jets arise as a result of the strong in-
teraction (strong Z j j). An example Feynman diagram
of such a process is shown in Figure 1(a). A much rarer
process also occurs, where the jets arise as a result of
the electroweak interaction (electroweak Z j j). This in-
cludes the vector boson fusion (VBF) process as shown
in Figure 1(b), as well as other diagrams involving the
t-channel exchange of an electroweak gauge boson. The
VBF diagram is of particular interest as it is very similar
to the VBF production of a Higgs boson and to vector
boson scattering diagrams. It also gives direct access to
the WWZ coupling. In addition studies of strong Z j j
production for kinematics sensitive to VBF production
help improve the modelling of backgrounds to the VBF
process. This note summarises the results from an AT-
LAS publication [1] which describes in detail measure-
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Figure 1: Examples of leading-order Feynman diagrams for (a) strong
Z j j production and (b) vector boson fusion Z j j production at the
LHC.
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ments using 20.3 fb−1 of data collected with the ATLAS
detector [2] at a centre-of-mass energy of 8 TeV. The
paper includes the following two measurements:
1. Fiducial cross sections and distributions of inclu-
sive Z j j production (including the strong and elec-
troweak processes but dominated by the former).
These measurements are performed in ﬁve ﬁducial
regions with diﬀerent sensitivity to the electroweak
component. The cross sections and some example
distributions are presented in this note.
2. Observation of electroweak Z j j production and
measurements of the cross section in two ﬁducial
phase spaces. The more inclusive phase space is
presented in this note.
The measurements are performed using the Z → e+e−
and Z → μ+μ− decay channels and are corrected for
detector eﬀects so that direct comparisons can be made
to theoretical predictions.
In order to extract the small electroweak Z j j signal
from the large strong Z j j background, distinguishing
features of the signal process are utilised. In particular
the signal process tends to have jets with a larger trans-
verse momentum, well separated in rapidity with a large
dijet invariant mass (mj j), due to the large masses of the
exchanged bosons. This is demonstrated in Figure 2(a)
which shows the dijet invariant mass of the two high-
est pT jets for signal and background.1 Since there is
no colour ﬂow between the two jets in the electroweak
process, additional jet radiation in the rapidity space be-
tween them is much less likely than in the strong pro-
cess. This is demonstrated in Figure 2(b) which shows
the number of jets with pT > 25 GeV in the rapidity
interval between the two highest pT jets for signal and
background, where less jets are seen in the signal.
The remainder of this note is laid out as follows. Sec-
tion 2 describes the inclusive cross section and diﬀeren-
tial distribution measurements, Section 3 describes the
extraction of the electroweak Z j j ﬁducial cross section.
Finally Section 4 summarises the results.
2. Fiducial cross section and diﬀerential distribution
measurements of inclusive Z j j production
The ﬁve ﬁducial regions in which the inclusive mea-
surements are made are summarised in Table 1. Com-
mon to all ﬁve regions is the selection of the leptons
1The background is completely dominated by the strong Z j j pro-
cess, although small contributions from dibosons, tt¯, single-top and
multijet events are included.
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Figure 2: Particle-level shape comparisons of (a) the dijet invariant
mass distribution and (b) the number of jets in the rapidity interval
bounded by the dijet system for the electroweak Z j j signal and the
background. All curves are normalised to unit area.
from the Z decay within the ﬁducial region of the detec-
tor. The baseline region is the most inclusive, requiring
only two jets with the leading jet transverse momentum,
p j1T > 55 GeV and the sub-leading jet transverse mo-
mentum, p j2T > 45 GeV. The high-pT region is the same
apart from the jet pT thresholds, which are increased to
p j1T > 85 GeV and p
j2
T > 75 GeV; and the high-mass
region is the same but with a requirement that the dijet
invariant mass be greater than 1 TeV. These two regions
have greater sensitivity to the electroweak component
due to the harder jet-pT and mj j spectra.
The search region is chosen to optimise the expected
signiﬁcance when extracting the signal. Note that the
signal is extracted by ﬁtting the mj j distribution so only
a relatively low cut of 250 GeV is applied on this quan-
tity, in order to remove the contribution from diboson
events where one of the bosons decays to two jets. The
jet pT cuts are the same as those in the baseline region.
In order to surpress the background a veto on additional
jets with pT > 25 GeV in the rapidity interval between
the two leading jets is applied. A cut is also made on a
normalised pT-balancing variable, pbalanceT , deﬁned as
pbalanceT =
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where p iT is the transverse momentum vector of object
i, and 1 and 2 label the two leptons that deﬁne the
Z-boson candidate. This ensures that the decay prod-
ucts of the Z boson and the two highest pT jets are well
balanced, which further reduces events with additional
radiation. This cut also reduces events where the jets
arise from multiple proton-proton interactions (pileup)
or multiple parton-parton interactions (MPI), or where
the jets are poorly measured. A cut on the Z boson pT
is also applied to further reduce the contribution from
pileup and MPI.
Finally, a control region is deﬁned in order to con-
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Table 1: Summary of the selection criteria that deﬁne the ﬁducial re-
gions. ‘Interval jets’ refer to the selection criteria applied to the jets
that lie in the rapidity interval bounded by the dijet system.
Object baseline high-mass search control high-pT
Leptons |η | < 2.47, pT > 25 GeV
Dilepton pair 81 ≤ m ≤ 101 GeV
— pT > 20 GeV —
Jets |y j| < 4.4, ΔRj, ≥ 0.3
p j1T > 55 GeV p
j1
T > 85 GeV
p j2T > 45 GeV p
j2
T > 75 GeV
Dijet system — mj j > 1 TeV mj j > 250 GeV —
Interval jets — Njet = 0 Njet ≥ 1 —
Z j j system — pbalanceT < 0.15 p
balance,3
T < 0.15 —
strain the mj j distribution in the background sample.
This is very similar to the search region with the jet veto
reversed, so that at least one jet with pT > 25 GeV is
required between the two leading jets. This suppresses
the signal. In addition the pbalanceT variable is replaced by
the pbalance,3T variable, which is deﬁned in an analogous
way but incorporates the third jet in both the numerator
and denominator. This cut is included in order to reduce
pileup, MPI and poorly measured jets.
The Sherpa Monte Carlo event generator [3] is used
to convert the number of events in data to a ﬁducial cross
section deﬁned at the particle-level for each of the ﬁve
phase spaces. The results are shown in Figure 3 com-
pared to the Next-To-Leading-Order (NLO) Standard
Model (SM) prediction from Powheg [4, 5, 6] interfaced
with PYTHIA 6 [7]. 2 Excellent agreement between the
data and the SM prediction is observed for all ﬁve phase
spaces.
The dominant systematic uncertainty on the data
arises from the knowledge of the jet energy scale (JES),
which ranges from 7.5% in the search region to 19%
in the high-mass region. Other smaller uncertainties
arise from the jet energy resolution (JES), the eﬃciency
to veto jets from pileup, residual pileup, the theoreti-
cal modelling used to obtain the correction factors, the
lepton reconstruction eﬃciencies and resolutions, back-
ground subtraction and the luminosity.
The uncertainties on the theoretical predictions also
shown in the ﬁgure, arise from variations in the renor-
malisation and factorisation scales, the parton shower
and MPI modelling and the parton distribution func-
tions.
In Ref. [1] a series of diﬀerential measurements are
also presented in the ﬁve ﬁducial phase spaces. These
include dijet kinematics as well as variables sensitive
2A full description of the MC samples used is given in Ref. [1].
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Figure 3: Fiducial cross section measurements for inclusive Z j j pro-
duction in the +− decay channel, compared to the Powheg predic-
tion for strong and electroweak Z j j production and the small contri-
bution from diboson initiated Z j j production predicted by Sherpa.
The (black) circles represent the data and the associated error bar is
the total uncertainty in the measurement. The (red) triangles represent
the theoretical prediction, the associated error bar (or hatched band in
the lower plot) is the total theoretical uncertainty on the prediction.
to the in-gap jet activity. Here some example results
are shown. Figure 4 shows the dijet invariant mass as
well as the diﬀerence in rapidity between the two lead-
ing jets, |Δy|, for the baseline region, both normalised
to unity. The distributions are compared to predictions
from Sherpa and Powheg+PYTHIA 6, for strong Z j j
only and for strong plus electroweak Z j j production.
There is a clear enhancement in the high-mj j tail when
the electroweak contribution is included. This is also
apparent but less of an eﬀect in the high-|Δy| tail. For
both distributions Powheg+PYTHIA 6 provides an ex-
cellent description of the data once the electroweak con-
tribution is included. Sherpa overpredicts the high-
mj j and high-|Δy| tails. The dominant systematic un-
certainty in the data arises from the JES, with additional
smaller uncertainties from the same sources listed above
(apart from lepton based and luminosity systematics as
these distributions are divided by the total ﬁducial cross
section). Uncertainties on the theoretical predictions
come from the same sources discussed above.
Figure 5 shows the jet veto eﬃciency as a function
of the dijet invariant mass. The jet veto eﬃciency is
the eﬃciency of the jet veto requirement, i.e. the ef-
ﬁciency that there are no additional jets in the rapidity
gap between the two leading jets with pT > 25 GeV.
The closer to one this quantity is the less radiation there
is, which is why adding the electroweak component in-
creases the quantity as shown in the ﬁgure. Figure 5(b)
shows the average number of in-gap jets as a function
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Figure 4: Unfolded normalised diﬀerential cross section distribution
as a function of (a) dijet invariant mass and (b) the rapidity separa-
tion between the two leading jets in the baseline region. The data are
shown as ﬁlled (black) circles. The vertical error bars show the size
of the total uncertainty on the measurement, with tick marks used to
reﬂect the size of the statistical uncertainty only. Particle-level pre-
dictions from Sherpa and Powheg are shown for combined strong
and electroweak Z j j production (labelled as QCD+EW) by hatched
bands, denoting the model uncertainty, around the central predic-
tion, which is shown as a solid line. The predictions from Sherpa
and Powheg for strong Z j j production (labelled QCD) are shown as
dashed lines.
of |Δy|. For both variables the Sherpa strong plus elec-
troweak Z j j predictions give an excellent description of
the data. The Powheg+PYTHIA 6 predictions do not
produce enough additional radiation, meaning that the
average number of jets is too low and the jet veto ef-
ﬁciency is too high. Data and theoretical uncertainties
come from the same sources as those in Figure 4.
3. Extraction of the electroweak Z j j ﬁducial cross
section
The electroweak Z j j component is extracted by ﬁt-
ting the dijet invariant mass reconstructed in the search
region. Templates are formed for the signal and back-
ground processes and a ﬁt to the dijet invariant mass dis-
tribution is performed using a log-likelihood maximi-
sation [8] giving the number of signal and background
events. The number of signal events is then converted
into a ﬁducial cross section, using a correction factor
taken from Sherpa to convert from the reconstruction-
level event selection to the particle-level event selection.
The signal and background templates are obtained
from Sherpa. The background template is then con-
strained using the following data driven technique. The
predicted dijet invariant mass is compared to the data in
the control region, as shown in Figure 6(a). A reweight-
ing function is deﬁned by ﬁtting the ratio of data to MC
with a second order polynominal, as shown in the lower
panel in the ﬁgure. This reweighting function is then
applied to the background template from Sherpa in the
search region. The data are therefore used to constrain
the generator modelling of the background mj j shape,
and the MC simulation is used only to extrapolate be-
tween the control and search regions. This has the ad-
vantage of reducing both experimental and theoretical
uncertainties on the shape of the template.
Figure 6(b) shows the dijet invariant mass in the
search region. The data are compared to the background
only template and the background plus signal template
with the relative fractions obtained by the ﬁt. The lower
panels show the ratio of MC to data for both cases.
When comparing the data to the background only, there
is a clear excess of data at large mj j. When the signal is
included the prediction agrees very nicely with the data
for all mj j.
The ﬁt result gives 1657±134 electroweak Z j j events,
where the uncertainty comes from the ﬁt and is due to
the limited statistics in the data. Including systematic
uncertainties on the background template shape (dis-
cussed below) the background only hypothesis is re-
jected with a signiﬁcance greater than 5σ.
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Figure 5: (a) Unfolded jet veto eﬃciency as a function of the dijet
invariant mass and (b) unfolded average number of jets in the rapid-
ity interval between the two leading jets as a function of the rapidity
separation between the two leading jets. The distributions are mea-
sured in the baseline region. The vertical error bars show the size
of the total uncertainty on the measurement, with tick marks used to
reﬂect the size of the statistical uncertainty only. Particle-level pre-
dictions from Sherpa and Powheg+PYTHIA 6 are shown for com-
bined strong and electroweak Z j j production (labelled as QCD+EW)
by hatched bands, denoting the model uncertainty, around the cen-
tral prediction, which is shown as a solid line. The predictions from
Sherpa and Powheg+PYTHIA 6 for strong Z j j production (labelled
QCD) are shown as dashed lines.
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Figure 6: The dijet invariant mass distribution in the control region.
The simulation has been normalised to match the number of events
observed in the data. The lower panel shows the reweighting func-
tion used to constrain the shape of the background template. (b) The
dijet invariant mass distribution in the search region. The signal and
(constrained) background templates are scaled to match the number
of events obtained in the ﬁt. The lowest panel shows the ratio of con-
strained and unconstrained background templates to the data.
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Table 2: Systematic uncertainties, expressed in percentages, on (i)
the number of ﬁtted signal events in the search region, NEW, and (ii)
the correction factor to the particle-level, CEW. The uncertainties are
anti-correlated between NEW and CEW. Interference refers to the in-
terference between the signal and background processes.
Source ΔNEW ΔCEW
Electrons Muons Electrons Muons
Lepton systematics — — ±3.2 % ±2.5%
Control region statistics ±8.9 % ±11.2 % — —
JES ±5.6 % +2.7−3.4 %
JER ±0.4 % ±0.8 %
Pileup jet modelling ±0.3 % ±0.3 %
Pileup jet veto ±1.1 % +0.4−1.0 %
Signal modelling ±8.9 % +0.6−1.0 %
Background modelling ±7.5 % —
Interference ±6.2 % —
PDF +1.5−3.9 % ±0.1 %
The number of events is converted into a ﬁducial
cross section measurement, deﬁned in the search phase
space, using the Sherpa MC sample to convert from
reconstruction-level to particle-level selection criteria.
The result is:
σEW = 54.7 ± 4.6 (stat) +9.8−10.4 (syst) ± 1.5 (lumi) fb.
The theoretical prediction from Powheg+PYTHIA 6
for the electroweak Z j j cross section is
46.1±0.2 (stat) +0.3−0.2 (scale) ±0.8 (PDF) ±0.5 (model) fb,
which is in good agreement with the data.
The systematic uncertainties on the data measure-
ment are summarised in Table 2. There are systematic
uncertainties on the ﬁtted number of events as well as
the correction factor to the particle-level. The uncer-
tainties are given separately for the electron and muon
decay channels in the cases that they are diﬀerent. The
dominant uncertainties come from the theoretical mod-
elling of the signal template and the theoretical extrap-
olation between the control and search regions for the
background template as well as the statistics in the con-
trol region.
4. Summary
An observation of electroweak Z j j production and a
measurement of the ﬁducial cross section has been pre-
sented. The cross section is in excellent agreement with
the SM NLO prediction from Powheg+PYTHIA 6. This
process includes the VBF diagram which is very simi-
lar to the VBF production of a Higgs and to the vector
boson scattering process, making it an excellent stan-
dard candle for studying such processes. In addition
ﬁducial cross sections of inclusive Z j j production have
been measured in ﬁve ﬁducial phase spaces with vary-
ing sensitivity to the electroweak component. All mea-
surements are in excellent agreement with the NLO SM
prediction from Powheg+PYTHIA 6. Diﬀerential distri-
butions have also been measured of variables sensitive
to VBF kinematics. These distributions are compared to
NLO Powheg+PYTHIA 6 predictions and LO Sherpa
predictions. The former provides an excellent descrip-
tion of the dijet kinematics, whereas the latter provides
an excellent description of the in-gap activity. No one
MC prediction describes all distributions accurately.
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